scapes typically support a wider range of communities, increasing levels of regional diversity (Pino et al. 2000 . Even subtle changes in environmental variables can shift local species composition (Huenneke et al. 1990 , Steinauer and Collins 1995 , Bowles et al. 2005 ) and lead to higher site-level diversity. Finding links between biophysical characteristics and species composition is a fundamental aspect of understanding and managing biodiversity in complex landscapes.
Worldwide declines in native grasslands have led to increased research and conservation planning within these habitats (Samson and Knopf 1996, White et al. 2000) . Recent studies of North American prairies have focused on relict populations , invasive exotic species (Sperber et al. 2003, Vinton and Georgen 2006) , and restoration efforts (McLachlan and Knispel 2005, Polley et al. 2005) . Links between biophysical variables and species assemblages have been shown across climatic clines (Brye et al. 2004 ) and among sites with different topography and geomorphology . Interactions between plants and soil characteristics have received considerable attention (reviewed in Burke et al. 1998) , with trends showing that water availability, nutrient levels, and soil depth can be significant predictors of plant community composition (Bliss and Cox 1964 , Wilson et al. 1996 , Baer et al. 2005 ) and the prevalence of invasive exotic species (Vinton and Georgen 2006) . In a study of Iowa's tallgrass prairie, Wilsey et al. (2005) found that differences in topography and soil types contributed to high differentiation among patches and that even very small remnants (<1.5 ha) could harbor substantial levels of regional native plant diversity. Patterns of plant diversity can be very Western North American Naturalist 68(2), © 2008, pp. 231-240 INFLUENCE OF SOIL AND SITE CHARACTERISTICS ON PALOUSE PRAIRIE PLANT COMMUNITIES site-specific (Greig-Smith 1979) , however, and the influence of biophysical variables merits further research in communities of high conservation value. The Palouse prairie of southeastern Washington and northern Idaho has been called one of the most endangered ecosystems in North America (Noss et al. 1997) . Defined by its rolling hills, moderate climate, and a vegetation community of bunchgrasses, forbs, and shrubs (Daubenmire 1970) , the region suffered a rapid and almost complete conversion to commercial agriculture in the late 19th and early 20th centuries. As much as 99.9% of the original prairie was lost, with remnants persisting primarily on steep, untilled slopes, rocky ridgetops, rocky stream channels, and field margins, where they still face threats from development, off-road vehicle use, and invasive species (Lichthardt and Moseley 1997) . In a reanalysis of 35-to 50-year-old permanent transects, Klepeis (2001) noted significant declines in native species cover and frequency and corresponding increases in exotic species within several Palouse prairie remnants, particularly for graminoids. Nascent conservation efforts include restoration and public outreach (Weddell and Lichthardt 1998, Weddell 2001) , but the remaining habitat is largely undescribed and is scattered in small patches across privately held farmland. Understanding the influence of biophysical characteristics on plant diversity offers a means to predict habitat quality and set research and conservation priorities for these important but uncatalogued prairie patches.
Here we examine the influence of soil and site characteristics on both plant diversity and dominance of exotic species in 12 Palouse prairie remnants. We test the hypothesis that biophysical metrics (e.g., soil type, slope, aspect, vegetation structure) predict plant community characteristics (species richness, Simpson's diversity index, and dominance of exotic species), and we use model testing to identify the factors associated with high native plant diversity. The relationship between soil type and plant communities is explored in further detail, testing the hypothesis that several readily measured soil characteristics (e.g., depth of the A-horizon, depth to restrictive layer) predict species richness, diversity, and dominance of exotics. The potential application of these results to Palouse prairie conservation is also discussed.
METHODS

Study Area
Ecoregional descriptions of the Palouse often include nearby river canyons and shrubsteppe habitat stretching far into eastern Washington (Noss et al. 1997 ). Here we focus on the biophysical heartland of the Palouse prairie, an area of rolling hills confined to southeastern Washington and the adjacent Idaho panhandle, where wind-blown loess accumulated in thick, hilly deposits throughout the interglacial periods of the Pleistocene (McDonald and Busacca 1988) . Derived from the sediments of postglacial lakes and flooding, this loess gave rise to deep, productive topsoil and a native plant community of bunchgrass prairies interspersed with wetlands and patches of forest. The major prairie community has been described as a Symphorocarpus alba / Festuca idahoensis association (Daubenmire 1970) , with the shrub S. alba as the dominant woody species and F. idahoensis the dominant bunchgrass. The bunch grass Pseudoroegneria spicata (Agropyron spicatum) is considered a common codominant grass in this system. The soil and climatic conditions favorable for native grasses, however, are also ideal for the production of grains. Conversion to agriculture was swift and nearly complete following European settlement, and today the Palouse is a working landscape dominated by large commercial farms. Extant prairie is limited to small, isolated patches on steep, untilled slopes, rocky ridgetops, stream channels, and field margins, as well as pioneer cemeteries and other historical sites Moseley 1997, Weddell and Lichthardt 1998) . Little is known about the original plant and animal communities, and the distribution and condition of the remaining patches are poorly understood.
Study Sites
Twelve prairie remnants in Whitman County, Washington, and Latah County, Idaho, were sampled in this study. Since most prairie patches lie on private land, site selection was determined in part by permission for access. While not a random sample, the sites represent a range of sizes (1.2-165.4 ha), slopes (0°-32°), and settings (e.g., ridge-tops, field slopes), including 4 different matrix types (adjacent habitats) and 9 distinct soil series ( 
Plant Communities and Biophysical Characteristics
Within each prairie remnant, twenty-five 50 × 20-cm plots were randomly located and mapped using a Garmin GPS unit. Percent cover was recorded for every species present in each plot frame, following the methods standardized by Daubenmire (1959) . We identified specimens in the field, or collected and pressed them for comparison with herbarium specimens. From the species occurrences and percent cover estimates, we calculated 3 plant community metrics for each of the 300 total plots: species richness, Simpson's diversity index (Simpson 1949) , and dominance of exotic species (proportion of total cover). Exotic species were defined as any species not native to the Palouse region; we did not further define which of the exotics were considered invasive.
Biophysical characteristics recorded for each plot included slope, aspect, distance from edge, edge type (defined as the closest adjacent matrix habitat: active agricultural field, forest, exurban home site, or fields planted in nonnative grasses as part of the Conservation Reserve Program [CRP]), and vegetation structure variable based on the dominant vegetation type: grass/forb, low-shrub (woody species <0.5 m, e.g., Symphorocarpus alba), or high-shrub (woody species >0.5 m, e.g., Rosa nutkana, Crataegus douglasii). Soil series for each plot were determined from the Natural Resource Conservation Service Soil Survey Geographic Databases for Latah, Idaho, and Whitman, Washington, counties (NRCS 2005a (NRCS , 2005b . A soil series is the lowest and most specific category of the soil classification system (soil taxonomy) used in the United States, and it groups similar soil pedons that are closely associated in the landscape based on shared soil profile properties and horizons. In the Soil Survey, soil series are mapped within soil mapping units at a scale of approximately 1:20,000 (Soil Survey Division Staff 1993 , Buol et al. 2003 . For simplicity, however, we refer to series as "soil types" for the remainder of this document.
Additional Soil Characteristics
Additional soil data were collected at 6 sites, chosen to include multiple examples of the 4 most common soil types (Palouse, Schumacher, Tekoa, and Thatuna silt loams; NRCS 2005a NRCS , 2005b . Ten plant community sample plots were relocated at each site with a Garmin GPS unit. For each plot we recorded the presence of rocks (percent cover within a 50 × 50-cm area) at the surface, and sampled the soil with a 7-cm-diameter auger to a depth of 50 cm. From the soil sample we determined the depth to restrictive layer (layer that would impede root growth) and the type of restrictive layer (rock or bedrock contact, dense layer enriched in clay, or unknown). We also noted the depth of the A-horizon, defined as the depth to change in soil color and structure.
Data Analysis
General linear models (GLMs) were used to estimate the effects of biophysical characteristics on plot-level species richness, Simpson's diversity index, and dominance of exotic species for the 263 plots with sufficient sample size for the soil type variable (see Results). For each of the 3 response variables, the full model included soil type, edge type, and vegetation structure as categorical variables. We used the cosine of aspect as a continuous variable to represent the important difference in solar inputs between north-and south-facing orientation. Slope and distance from edge were also included as continuous variables and we added an interaction term for distance from edge and edge type. From the full model we used Akaike's information criterion (AIC; Akaike 1974) to test reduced models and find the most efficient fit to the data. AIC evaluates each model using the equation AIC = n {ln(SSE/n)} + 2p, where n is the number of plots, SSE is the model's error sum of squares (goodnessof-fit), and p is the number of parameters in the model. It gauges each model's goodnessof-fit in relation to its number of parameters, allowing one to remove superfluous terms from the full model until the most efficient and applicable combination is identified (Akaike 1974) . To compare among the categorical variables, a least square means function (2001) was added to each best model, using the TukeyKramer adjustment for multiple comparisons (Tukey 1953 , Kramer 1956 ).
For the 60 plots with additional soil data, we fitted new linear models to test the predictive value of soil characteristics alone. These models included soil type as above, with ordinal variables in 10-cm increments for depth of Ahorizon and depth to restrictive layer (0-10 cm, 11-20 cm, 21-30 cm, 31-40 cm, 41-50 cm, >50 cm). The percentage of visible rock fragments in the surface layer was included as a continuous variable, and we again used AIC to test and select the best models. Though we collected data on the depth to 1st color change and the type of restrictive layer, these parameters were discarded due to lack of variability.
All statistics were performed with the software SAS version 9.1 (© 2002 . Equal interval effects were assumed for all ordinal variables.
RESULTS
We identified a total of 114 native species and 47 exotics in the prairie remnants. Mean richness, diversity, and dominance of exotic species values for the categorical biophysical variables are reported in Table 2 . Calouse silt loam, Naff silt loam, and Larkin silt loam occurred on <2.5% of the total plots, while NaffPalouse silt loam and Palouse-Thatuna silt loam were juxtaposed too closely on the landscape to be differentiated individually (NRCS 2005a (NRCS , 2005b . These plots were excluded and we performed our linear models on the remaining 263 plots. A range of biophysical characteristics had predictive value for plot-scale metrics, as discussed below.
Species Richness
The full GLM for species richness was highly significant (F = 2.78, df = 15, P = 0.0005), but 2 factors, aspect and vegetation structure, comprised the most predictive and efficient model (F = 8.22, df = 3, P < 0.0001; Table 3 ). Grass/forb-dominated communities contained more species than either of the shrub-dominated vegetation types (Table 2) . Richness also trended higher on north-facing plots, though this effect was not significant in a post hoc regression analysis of aspect and species richness alone (R 2 = 0.01, F = 1.57, P = 0.21). Soil type was significant in the full model, but apparently explained very little variation and was dropped from the best model based on our AIC evaluation. Though significant, the best model explained only 9.0% of the variation in the data (Table 3) . Slope, distance from edge, edge type, and the interaction of edge type and distance were not significant predictors of species richness.
Simpson's Diversity Index
The full GLM for Simpson's diversity was also highly significant (F = 2.50, df = 15, P = 0.0019), and a reduced model containing aspect and vegetation structure again proved the most efficient (F = 7.72, df = 3, P < 0.0001; Table  3 ). The highest mean diversity values were again found in grass-forb communities (Table   2008] PALOUSE PRAIRIE PLANT COMMUNITIES 235 (Simpson 1949) b Proportion of total plant cover attributed to nonnative species c Akaike's information criterion (Akaike 1974) of the variation in the data (Table 3) . Slope and soil type appeared to have no impact on diversity in any model.
Dominance of Exotic Species
The full GLM for dominance of exotic species was highly significant (F = 6.56, df = 15, P < 0.0001), and a 5-factor reduced model had the best fit to the data (F = 8.11, df = 12, P < 0.0001; Table 3 ). Soil type and aspect were significant in the best model, as were the distance from edge, edge type, and their interaction. The lowest mean dominance of exotic species occurred on northern-facing slopes, a significant relationship even in a stand-alone post-hoc regression (R 2 = 0.15, F = 46.63, P < 0.001). Plots with agricultural fields as the nearest matrix habitat had the lowest mean dominance of exotics (Table 2), but the significant interaction term implies this effect is intertwined with distance from edge. Slope and vegetation structure had no impact on the dominance of exotics.
Additional Soil Characteristics
Soil characteristics alone did not have predictive value in GLMs for either species richness (F = 1.94, df = 11, P = 0.0574) or Simpson's diversity (F = 1.80, df = 11, P = 0.0810; Table 4 ). For dominance of exotic species, however, both the full model (F = 3.95, df = 11, P < 0.0001) and a reduced, 2-parameter model (F = 5.03, df = 9, P < 0.0001) were highly significant. The best model included soil type and depth to restrictive layer, and explained 31.0% of the variation in the data (Table 4) .
DISCUSSION
Our results met the prediction that biophysical characteristics influence the structure of plant communities in Palouse prairie. We found several biophysical variables that had significant power to predict plot-scale species richness, Simpson's diversity, and dominance of exotic species, though all models left a great deal of unexplained variation. Additional soil data confirmed that the depth to restrictive layer influenced the dominance of exotic species. These findings may be useful in predicting habitat quality and restoration potential of scattered, isolated, and largely undocumented remnants of endangered Palouse prairie.
Species Richness and Simpson's Diversity Index
Numerous studies have documented associations between aspect and the composition of prairie plant communities (Albertson 1937, Hanson and Whitman 1938) . Our models found aspect to be an important variable, with the most species-rich and diverse plots occurring on north-facing slopes. Harrison (1999) also found high plant diversity on north-facing slopes in a California grassland, though Hutchings (1983) noted no difference in diversity related to aspect in English chalk grasslands. It is likely that patterns are landscape-specific and influenced by local factors, including disturbance history (Collins et al. 2002 , Maestre 2004 . In Palouse prairie many of the southfacing sites are on larger ridge-top remnants with a history of grazing, while small, northfacing patches can be embedded in agricultural fields with a much different disturbance regime. The role of aspect in exotic species dominance also influences overall species richness and diversity, as discussed below.
Vegetation structure is often linked to the diversity of plant species (Baer et al. 2005, Lett and , and our finding that grass/forb communities are more rich and diverse than low-or high-shrub dominated sites matches earlier descriptions of Palouse prairie (Daubenmire 1970 , Klepeis 2001 . This pattern has conservation implications, as shrubdominated communities often supplant grass/ forb communities in landscapes where fires are suppressed (e.g., Heisler et al. 2003) . Though historic rates of Native American and natural burning on the Palouse are debated (Daubenmire 1970 , Boyd 1999 , it is agreed that fires are less frequent since European settlement (Morgan et al. 1996) , and Klepeis (2001) has noted trends toward increasing shrub cover at several Palouse prairie sites.
Other biophysical variables were not significant in our models. Slope, an important parameter for some plant communities (e.g., Bennie et al. 2006) , appears relatively unimportant to the community structure for our plot-level Palouse prairie data. Its potential role may be obscured by the relative absence of level or modestly sloping sites in this study-much of the remaining Palouse prairie habitat lies on steep land. Edge effects have been associated with altered plant diversity in other grassland studies (e.g., Quinn and Robinson 1987) , but they had little impact on the diversity of our plots. It could be that these prairie patches have relatively "hard" edges, but it should also be noted that our plots were placed randomly within sites, not along a strict edge-to-interior gradient that might have picked up more-subtle trends. Finally, while soil type often influences prairie plant communities (Albertson 1937, Hanson and Whitman 1938) , it had little predictive value for richness and diversity metrics here.
Dominance of Exotic Species
The influence of aspect on the dominance of exotic species has been noted in several studies (e.g., Harrison 1999 , Bennie et al. 2006 , but the trends are sometimes contradictory. Harrison (1999) documented higher native plant diversity and lower incidence of exotics on north-facing plots in California grasslands, the same pattern noted in our study. The annual grass Bromus tectorum, one of the most common exotic species at our sites, may be partially responsible for these results: it has been strongly associated with south-facing slopes at other sites nearby (Rickard 1975) . On the other hand, Bennie et al. (2006) proposed that south-facing slopes in English chalk grasslands are more resistant to invasion by exotic species. As noted for richness and diversity, it is likely that local factors, particularly land use and disturbance history, play an important role in the dominance of exotic species.
The type of adjacent matrix habitat also impacted exotic species dominance, with lower prevalence of exotics in remnants adjacent to active agricultural fields. This contradicts an earlier study of hedgerows and woodlot margins (Boutin and Jobin 1998) , where intensive farming practices were associated with increases in weedy exotics in neighboring habitats. At our sites, however, it appears possible that the control of weeds in agricultural fields may be helping to prevent their establishment in adjacent prairie, a possibility worthy of further study.
Other biophysical variables had varying impacts on exotic species dominance. Soil type was a significant predictor in our models, but no individual soil type was significantly different from the others (see Table 2 ). Specific soil characters are often linked to the prevalence of exotic species, however (e.g., Stohlgren et al. 1999) , as discussed in detail below. Vegetation structure did not impact exotic species dominance at our sites; it appears that grass/ forb, low-shrub, and high-shrub communities were all equally susceptible to the introduction of nonnatives. As noted above, slope was not an important predicting variable in these models.
Additional Soil Characteristics
Additional sampling determined that soil type and depth to a restrictive layer both had strong implications for the dominance of exotic species. A-horizon depth has been linked with plant community structure in tallgrass prairie (Bliss and Cox 1964) . On the other hand, Baer et al. (2005) found no direct link between soil depth and plant diversity in ex perimental prairie treatments, and MacDougall et al. (2006) found no relationship between soil depth and the prevalence of invasive exotic species in California savanna grasslands. These inconsistent results and the relatively low predictive power of our models could suggest that our soil data were insufficient to identify specific soil characteristics affecting plant communities.
Numerous studies have demonstrated the importance of water and nutrient availability to plant community structure (Greig-Smith 1979, Burke et al. 1998 ) and the prevalence of invasive exotic species (Vinton and Georgen 2006) . Soil characteristics that can affect water content and nutrient availability include percent clay, textural class, mineralogy, organic matter content, nutrient status, drainage, and soil depth. Soil biological factors can also influence plant diversity (Bever et al. 1997) , and the presence of cryptogamic crusts has been shown to influence nitrogen fixation, soil hydrological processes, and the establishment of exotic species (Hilty et al. 2004 ). Our soil measurements did not include any of these parameters, but descriptions in the NRCS Soil Survey Data base (NRCS 2005a (NRCS , 2005b suggest that they can vary widely among Palouse prairie soil types. The north-facing silt loam soils associated with high native plant dominance, for example, are very likely to provide greater available water than soils with higher gravel and rock fragment content found on south-facing aspects. These variables clearly deserve further consideration in future studies.
Limitations
The trends emerging from this data merit a larger-scale effort and we believe the standard sampling and statistical methods used herein can be easily replicated in additional sites. One note of caution, however, is the lack of a metric for disturbance history in our models. Palouse prairie remnants have been impacted by a variety of human disturbances (e.g., grazing, fire, herbicide drift) at varying intensities (Weddell and Lichthardt 1998) . Disturbance has repeatedly been shown to impact plant community structure in grasslands (Coffin and Lauenroth 1988, Maestre 2004 ) and in some cases may overwhelm the effects of biophysical variables (Naeem et al. 2000) . Lack of consistent and reliable land-use history data on these sites prevented the inclusion of a disturbance variable in this study. Disturbance history is probably an important factor influencing Palouse prairie plant communities, however, and efforts should be made to include it in future research.
Conclusions
Northern-facing plots in grass/forb communities appeared to have the highest species richness and diversity and the lowest dominance of exotic species in this study. Dominance of exotics also trended low for plots near active agricultural fields and on soils with deep surface layers. These results represent the 1st model-based study linking Palouse prairie plant communities to specific soil and biophysical variables. They may have direct application in identifying conservation and restoration priorities for this endangered and littlestudied ecosystem.
